Cilia are conserved subcellular organelles with diverse sensory and developmental roles. Recently, they have emerged as crucial organelles whose dysfunction causes a wide spectrum of disorders called ciliopathies. Recent studies on the pathological mechanisms underlying ciliopathies showed that the ciliary compartment is further divided into subdomains with specific roles in the biogenesis, maintenance and function of cilia. Several conserved sets of molecules that play specific roles in each subcompartment have been discovered. Here we review recent progress on our understanding of ciliary subcompartments, especially focusing on the molecules required for their structure and/or function. [BMB Reports 2015; 48(7): 380-387]
INTRODUCTION
The cilium is a hair-like appendage that extends from the surface of many eukaryotic cells. Inside the cilium, a microtubule-based cytoskeleton called the axoneme is present. The axoneme of a motile cilium typically has a ring of nine outer microtubule doublets with two central microtubule singlets (9+2 axoneme), whereas the axoneme of non-motile or primary cilium usually lacks the central siglets (9+0 axoneme) (1) . The loss of motility in primary cilia seems to facilitate the evolution of diverse primary cilia with distinct structures and functions. Due to this diversity, ciliary dysfunction causes a wide spectrum of disorders collectively known as ciliopathies. More than 30 human diseases are classified as ciliopathies. These include Alstrom syndrome, Bardet-Biedlle syndrome, Joubert syndrome, Meckel-Gruber syndrome, nephronophthisis, polycystic kidney disease, primary ciliary dyskinesia, retinitis pigmentosa, situs inversus and others (2) . Identification of genes associated with ciliopathies provides a unique opportunity to understand the biogenesis, structure and function of cilia. To date, at least 80 such genes have been reported, including many conserved genes involved in vesicular and intraciliary trafficking pathways (2) . In addition to common ciliogenic proteins, some membrane proteins involved in a wide range of cellular processes, from sensory transduction to signal transduction such as sonic hedgehog, have been also discovered (3) . Interestingly, most proteins associated with ciliogenesis or ciliopathy are distributed in distinct regions within or near ciliary compartments, suggesting that these regions have specific roles in ciliary structure and/or function (4) (5) (6) . Protein localization and restriction to ciliary compartments are mainly driven by the cooperation between evolutionary conserved vesicular and intraciliary trafficking systems (7) . The vesicular trafficking system involved in ciliary protein transport includes coat adaptors, small GTPases and membrane fusion components. The system delivers preciliary vesicles that contain cilia-destined proteins to the periciliary membrane at the early stage of ciliary protein targeting. This early event takes place at the ciliary base, which contains mother centriole-derived basal body and associated distal appendages. The intraciliary cargo-trafficking system, termed intraflagellar transport (IFT), then delivers and distributes the ciliary cargo proteins by operating bi-directionally along ciliary microtubules (8) . The entry of proteins into the intraciliary compartment is gated by a modular component located in the most proximal region of the intraciliary compartment, termed the transition zone (TZ). Although ciliary entry of most proteins is dependent on IFT, IFT-independent pathways also exist (7, 9, 10) . The structure and function of the intraciliary compartment distal to the TZ is very diverse depending on cell types. For example, many cells show different microtubule arrangements between proximal and distal intraciliary subcompartments (6, (11) (12) (13) (14) . Furthermore, many proteins including ciliopathy proteins, membrane receptors and channel proteins are restricted to specific intraciliary subcompartments (15) (16) (17) (18) . Here, we will review the ciliary subcompartments, focusing on the proteins specifically localized at the distinct subcompartments.
CILIARY BASE: THE BASAL BODY AND SURROUNDING PERICILIARY MEMBRANE REGION
The mother centriole-derived basal body and the surrounding Invited Mini Review http://bmbreports.org BMB Reports Fig. 1 . Model of early ciliogenesis. Rab11-positive recycling endosomes trafficked toward the mother centriole-associated distal appendages (DA). When the vesicles dock into the DA, they become distal appendage vesicles (DAVs). EHD1 included in the DAVs triggers SNARE-dependent membrane fusion to form the ciliary vesicle (CV). EHD1 also triggers transition of the mother centriole to the basal body (BB) by removing CP110 from the mother centriole. After the formation of CV and BB, small GTPase Rab8 is accumulated in the CV and is activated by Rabin8 from Rab11, facilitating elongation of the CV and axoneme. In addition, IFT20 and TZ proteins are delivered to the CV by Golgi-derived vesicles. During elongation of the CV and axoneme, the TZ is formed and the CV membranes are differentiated into the ciliary membrane (orange) and the ciliary sheath (green). Finally, the cilium is formed by the fusion of the ciliary sheath with the apical plasma membrane. The ciliary sheath becomes the periciliary membrane (green).
periciliary membrane comprise the ciliary base region (see Fig.  2 ). In various mammalian cells, the surrounding periciliary membrane forms a ciliary pocket (19) . The basal body, which contains triplet microtubules, is docked to the periciliary membrane via transition fibers or distal appendages (5) (see Fig. 2 ). This region is not only located at the base of the ciliary compartment, but is also the primary player in ciliogenesis and ciliary protein trafficking.
One of the major roles of this region is the initiation of ciliogenesis, as the basal body joined to the ciliary vesicle (CV) migrates to the membrane before axoneme elongation (20, 21) (Fig. 1) . The joining of preciliary vesicles to the distal appendages of the mother centriole is a key event for the formation of the basal body and the CV (22) . It was recently demonstrated that the membrane shaping proteins, EHD1 and EHD3, are essential in this step (22) . The EHD proteins are localized in the small preciliary vesicles associated with the mother centriole distal appendages, termed the distal appendage vesicles (DAVs), and are required for the formation of CV from DAVs.
DAV is considered to be a sort of recycling endosome mediated by a membrane trafficking regulator, the small GTPase Rab11. Rab11-positive vesicles may deliver EHD proteins as well as the guanine nucleotide exchange factor for Rab8 (Rabin8) to the distal appendages (22, 23) . After EHD-dependent formation of CV, Rab8 is recruited to CV and plays a role in the elongation of CV and the progression of ciliogenesis. In addition, the EHD proteins are needed for CP110 loss from the mother centriole, which is essential for the maturation of the basal body from the mother centriole. After EHD-dependent CV formation, other ciliogenic proteins including IFT and TZ proteins are recruited into the CV, and Rab8-dependent CV elongation occurs. Thus, EHD protein is a key molecule for the initiation of ciliogenesis in the ciliary base (22) . Tau tubulin kinase 2 (TTBK2) is also known to promote CP110 loss from the mother centriole in addition to the recruitment of IFTs, although the relationship between EHD proteins and TTBK2 is unclear (24) .
The other critical role of the ciliary base is the sorting and http://bmbreports.org assembly of cargo proteins for delivery to intraciliary compartments. Protein trafficking to cilia is generally considered to have two separate steps: preciliary and intraciliary. The transition from preciliary to intraciliary trafficking takes place in the ciliary base region. Preciliary trafficking is believed to be dependent on sorting at the trans-Golgi network (TGN). Before targeting to intraciliary compartments, all proteins are sorted at the TGN and delivered to the ciliary base region. Ciliary targeting signals (CTSs) required for apical sorting at the TGN have been identified from only a limited number of ciliary proteins. A VxPx motif present in the cytoplasmic C-terminus of rhodopsin is one of the most extensively characterized CTSs (25, 26) . For the VxPx motif-dependent apical trafficking of rhodopsin, two small GTPase family proteins, Arf4 and Rab11, play a role in sorting and vesicle transport, respectively (25, 26) .
There may be at least four different pathways for ciliary entry (7) . One simple pathway is a direct pathway in which apical trafficking from TGN directly delivers vesicles containing cilia-destined proteins to the ciliary base region. The VxPx motif-dependent rhodopsin trafficking is an example of this pathway. In the pathway, the ciliary cargo protein-bearing vesicle usually contains adaptor proteins for ciliary entry (IFT/BBsome) as well as membrane fusion (SNARE). In the ciliary base region, the vesicle fuses with the periciliary membrane in a SNARE-dependent manner. An IFT protein, IFT20, contained in the vesicle serves as an adaptor to facilitate the assembly of IFT trains. Another pathway is mediated by the recycling endosome, which is a highly dynamic endocytic compartment located near the target membrane. The recycling endosome may serve as an intermediate sorting compartment in which proteins are segregated depending on their final destination (ciliary membrane or apical plasma membrane). As described earlier, proteins required for the initial stage of ciliogenesis, such as EHD protein, may be delivered to the ciliary base region through this pathway. Some proteins can reach the periciliary membrane through a third pathway involving lateral diffusion (27) . In this pathway, the protein is delivered to the apical plasma membrane just like other apical directed non-ciliary proteins, and lateral diffusion delivers the ciliary proteins to the periciliary membrane.
For most proteins that reach the ciliary base region via the above three pathways, entry into intraciliary compartments requires a switch from vesicular trafficking to intraflagellar trafficking. Thus, re-sorting of ciliary cargo proteins is necessary to assemble the intraflagellar trafficking-competent IFT trains. Several lines of evidence suggest that BBSome is an authentic sorting machinery for targeting GPCRs to the cilia (28, 29) . One model of BBSome function in intraflagellar trafficking suggested that it decodes sorting signals from ciliary cargo proteins reached in the ciliary base region, and forms coats using the small GTPase Arf6 before assembling onto IFT trains (7). The assembled IFT trains deliver ciliary cargo proteins into the cilium.
Another pathway, which involves the ARL3-UNC119-RP2 GTPase cycle, is very discrete from the above three pathways (10) . In this pathway, BBSome is not involved in the sorting of ciliary proteins. Instead UNC119, a GTP-specific effector of ARL3, selectively binds to the myristoylated cargo proteins (for example, NPHP3), and may deliver them to the intraciliary compartments. A ciliary small GTPase ARL3 also binds to UNC119 and to the membrane in a GTP-specific manner, unloading myristoylated proteins from UNC119. During this process, RP2, which is an ARL3-specific GAP, is required for the activation of ARL3. In summary, the ciliary base serves as the organizing center for building the cilium by triggering ciliogenesis as well as for re-sorting and assembling cilia-destined cargo proteins. These processes are mediated by several evolutionary conserved modules that participate not only in general cellular functions such as vesicle trafficking, endocytosis, and membrane fusion, but also in cilium-specific functions such as intraflagellar transport.
TRANSITION ZONE (TZ)
The transition zone (TZ) lies between the ciliary base region and the ciliary tip. Inside the TZ, the so-called Y-shaped linkers connect the outer doublets microtubules to the ciliary necklace, which is a membrane speciation found in the TZ.
Although the composition of Y linkers and the necklace is largely unknown, it is generally accepted that the TZ functions as a ciliary gatekeeper.
The earliest evidence of TZ as a ciliary gatekeeper came from a study in which the distribution of rhodopsin from mechanically dissociated rods was investigated (30) . The study showed that rhodopsin diffused freely from the outer to the inner segment without the TZ (connecting cilium), suggesting that the TZ acts as a diffusion barrier (30) . Recently, findings that multiple ciliopathy proteins are specifically localized in the TZ brought this subcompartment into the limelight. Among those ciliopathies, proteins associated with Joubert syndrome (JBTS,), Meckel-Gruber syndrome (MKS), and nephronophthisis (NPHP) are especially important for the structure and function of the TZ (4, 5, (31) (32) (33) . A systematic protein network mapping found that proteins linked to those three ciliopathies comprise three distinct but heavily interconnected modules, called NPHP1-4-8, NPHP5-6, and MKS modules (31) . The study also showed that many of the proteins comprising the NPHP-JBTS-MKS network are localized in the TZ (31 NPHP8 (also known as RPGRIP1L or MKS5) (31) . Two additional NPHP subcomplexes, NPHP2/3/9 and ATXN10/NPHP5, are preferentially localized in the nearby subcompartments for inversin and the ciliary base region, respectively (31, 33) . Abrogation of NPHP1 by targeted knock-out in mice showed that transport of opsins to the outer segment was severely compromised, while the axoneme structure and IFT motor function appeared normal, suggesting that the NPHP module has a role in sorting or gatekeeping for intraciliary transport (35) . The mammalian MKS/JBTS module contains at least 13 TZ-localized proteins, including MKS/MKSR proteins (MKS1, MKS3(=TMEM67), CEP290(=MKS4), CC2D2A(=MKS6), B9D1(=MKSR1), B9D2(=MKSR2)), Tectonic proteins (TCTN1, TCTN2, TCTN3), TMEM proteins (TMEM17, TMEM216, and TMEM 231), and AHI1(=JBTS3) (33) . TCTN1 was originally identified as a regulator of mouse Hedgehog signaling (36) , and Tectonic proteins were later found to be members of the MKS/JBTS module (33) . Loss of MKS/JBTS components caused tissue-specific defects in ciliogenesis, and several ciliary proteins, including AC3, PKD2, SMO, and ARL13B, failed to localize in the ciliary compartments, suggesting that the MKS/JBTS module acts at the TZ to control ciliary membrane protein composition (33) . Several lines of evidence from other model organisms also support the idea that NPHP and MKS/JBTS modules in the TZ act as ciliary gatekeepers. Interestingly, the MKS/JBTS module is well conserved throughout evolution, whereas the NPHP module is less conserved, suggesting that the two modules have some redundancy in their functions (Table 1 ). In C. elegans, most core components of both MKS/JBTS and NPHP modules are present, and many have been shown to possess conserved functions and localization in the TZ (32) . Interestingly, functional studies using single mutant alleles showed no obvious defects in the structure and function of TZ for most of those proteins (32) . However, double mutants for one MKS/JBTS and one NPHP component, but not two components from the same module, showed severe defects in the structure and function of cilia (32) . These results again suggest that the two modules interact with each other, and have overlapping and redundant functions in the TZ. In Chlamydomonas, a MKS/JBTS component CEP290 is located in the TZ. Loss of CEP290 resulted in defects in the microtubule-membrane connectors, causing detachment of the flagellar membrane from the TZ microtubules as well as abnormal protein content (i.e., reduction of IFT-A and PKD2, accumulation of IFT-B and BBS4) in the isolated flagella, while showing little effect on IFT motility. The results suggested that CEP290 is required for tethering the flagellar membrane to the TZ microtubules, and for controlling flagellar protein composition without affecting intraflagellar transport (37) . In addition, it has recently been shown that the Chlamydomonas homolog of NPHP4 also has similar functions as CEP290 (38) . In Drosophila, it was recently shown that the composition, localization and function of the MKS/JBTS module are conserved, while most NPHP components are missing (34) . Interestingly, the TZ can migrate away from, and function independent of the ciliary base during sperm maturation (34) . This finding is consistent with the fact that the basal body degenerates after the initiation of ciliogenesis in C. elegans sensory cilia (6) . Although several studies in various organisms show that the http://bmbreports.org Ciliary microtubules extend from a fully degenerated basal body at the ciliary base region called the periciliary membrane compartment (PCMC). In the transition zone (TZ), each microtubule doublet is connected to the ciliary membrane via Y-links. Some inner singlet microtubules are also seen. The TZ is followed by the middle segment consisting of 9 doublet microtubules. In the distal segment, the B-tubule of each doublet is missing. (C) A Drosophila chordotonal sensory cilium. The gross structure is similar to that of mammalian cilium. Three distinct features are shown. First, a prominent ciliary dilation (CD) is seen in the middle of the cilium. Second, the axoneme of the proximal segment located between the TZ and the CD contains outer dynein arms. Third, the distal segment contains doublet microtubules without attached outer dynein arms. Color coding: periciliary membrane in green, ciliary membrane in orange.
mature TZ functions as a ciliary gatekeeper, it is still unclear how the TZ performs this function. The most attractive model portrays the TZ as a membrane diffusion barrier. In C. elegans, it has been shown that defects in MKS or NPHP modules caused abnormal accumulation of some proteins (MKS-3 and RPI-2) within cilia as well as the leakage of ciliary membrane-linked ARL-13 out of cilia, suggesting that they constitute a bidirectional membrane diffusion barrier at the TZ (32, 39) . The barrier defect phenotype was also observed in single mutants of MKS or NPHP genes that have grossly normal TZ structures, and was enhanced in double mutants with defects in the structure of TZ. Moreover, the barrier function is independent of IFT (32). These findings suggested that MKS and NPHP modules in the TZ function as bona fide bidirectional diffusion barriers in the TZ. Another intriguing, but not mutually exclusive, model depicts the TZ as a modulator of IFT. In support of this hypothesis, some TZ proteins interact with IFT, and the interaction is essential for the intraciliary transport of opsins (35, 40) . In summary, the TZ residing at the base of the intraciliary compartments functions as a ciliary gatekeeper. Two functionally redundant and ciliopathy-related modules, MKS/JBTS and NPHP, have critical roles in establishing the TZ structure and function.
COMPARTMENTALIZATION IN THE CILIARY REGION DISTAL TO THE TZ
The structure and function of the ciliary region distal to the TZ are highly diverse, depending on cell types. In many cells, this region contains more than two distinct subcompartments at the level of the ultrastructure and protein localization. In this review, we will compare three different cilia: a typical mammalian primary cilium, C. elegans chemosensory amphid cilium, and Drosophila auditory chordotonal cilium (Fig. 2) .
The first compelling suggestion that a typical mammalian http://bmbreports.org BMB Reports primary cilium has a distinct subcompartment in the body of cilium distal to the TZ was from the finding that an NPHP protein INV (Inversin, also known as NPHP2) was localized within a confined ciliary region termed the INV compartment (15) .
Removal of 60 C-terminal amino acids distributed the protein evenly along the cilium, suggesting that protein localization in the INV compartment is actively regulated (15) . Other proteins that show restricted distribution in the INV compartment include a JBTS-associated small GTPase ARL13B, and two NPHP submodule components NPHP3, and NEK8 (39, 41) . Many mammalian primary cilia have a distinct microtubule structure at the distal most region, where singlet microtubules comprise the axoneme (Fig. 2A) . Some proteins have been reported to be specifically localized at the singlet microtubule containing the distal tip. For example, the odor-detecting CNG channels are preferentially localized at the distal tip in the olfactory cilia (42) . The Sonic hedgehog signaling mediators GLI2, GLI3, and SUFU are also actively targeted in the distal tip (17, 43) . Although increasing evidence indicate that differential localization of proteins within the ciliary region beyond the TZ is common, the relationship between function and protein localization is poorly understood.
The sensory cilia in C. elegans have been used as a good model system to study ciliogenesis and the function of cilia. They have some distinct structural features compared to mammalian primary cilia (Fig. 2B) . First, the mature cilium lacks the basal body and associated accessory structures such as distal appendages. Second, the ciliary base region called the periciliary membrane compartment (PCMC) contains an asymmetric swelling of the dendrite tip. Third, the ciliary axoneme contains bipartite microtubule arrangements: doublet microtubules in the proximal or middle segment, and singlet microtubules in the distal segment ( Fig. 2B ) (6) . The middle segment is somewhat analogous to the INV compartment of mammalian primary cilia. Some C. elegans homologs of mammalian proteins localized in the INV compartment are also localized specifically in the middle segment, including NPHP-2 and ARL-13 (39, 44, 45) . Various cyclic nucleotide-gated (CNG) ion channel subunits TAX-2, TAX-4, and CNG-3 are also localized in this segment (46) (47) (48) . Although the distal segment clearly has a distinct structure from the middle segment, proteins with specific localization and function in this region have not been found yet. It is also true that the significance of restricted protein localization remains to be discovered. Drosophila ch cilium has a unique structure in the post-TZ region, with three notable distinctions. First, a prominent swelling called the ciliary dilation (CD) is located in the middle of a cilium. The CD divides the ch cilium into two distinct subcompartments (Fig. 2C) . The molecular composition and function of the CD is not yet known (49) . Second, unlike other primary cilia, the axonemal microtubule contains dynein arms that can only be seen in the motile cilia (49) . This suggests that the ch cilium may be motile. Third, unlike other bipartite cilia, the axoneme of the distal segment contains doublet microtubules, but lacks the dynein arms present in the proximal segment (49) . Several proteins have been shown to be enriched or restricted in the specific subcompartments. Proteins localized in the CD include a Drosophila homolog of IFT140 RempA, a doublecortin containing microtubule-associated protein DCX-EMAP, a ciliary rootlet protein Rootletin, a Drosophila homolog of TbCMF46, and an uncharacterized protein encoded by CG31036 (50) (51) (52) . The exact roles of these proteins in the CD remain to be clarified however. The CD is severely disorganized in the loss of function mutant of btv, which encodes a subunit of cellular dynein motor, although the localization of the Btv protein is not yet determined (53) . There is also an example of differential protein localization in the proximal and distal segments. A Drosophila ch neuron has two different TRP ion channels, TRPV and TRPN (also known as NompC), which have distinct roles in auditory transduction (54) (55) (56) . Interestingly, their localization is segregated from each other in the ch cilium; TRPV is restricted to the proximal segment, while TRPN is in the distal segment (18) . This suggests that the ciliary subcompartments may be able to perform distinct functions by segregating proteins with different roles into proper subcompartments. Although it is unclear how the two TRP channels segregate into different subcompartments, the finding that both channels were evenly distributed along the cilium following btv mutation, which disrupts the CD, suggested that the CD may act as a structural barrier separating the two subcompartments (18, 50) . Recently, another interesting feature about the specific localization of TRP channels was discovered. Loss of a Drosophila homolog of TULP3 Ktub (also known as dTULP) caused distinctive phenotypes in the ciliary localizations of TRPV and TRPN (57) . In ktub mutants, ciliary localization of TRPV was completely abolished, while TRPN was still targeted into the cilium but leaked from the distal segment into the proximal segment. This suggests that the two TRP channels may have distinct mechanisms for ciliary targeting, and that Ktub may have a role in establishing the proximal segment identity (57) . The exact mechanism underlying segregating proteins into distinct subcompartments within the ciliary body is unclear. There may be a diffusion barrier between those subcompartments, similar to the TZ that segregates ciliary proteins from non-ciliary proteins. The CD in the insect chordotonal cilia could be a candidate structural barrier. Another intriguing possibility is that the ciliary membrane of subcompartments may have distinct lipid compositions that enable the retention of membrane proteins with specific lipid modifications such as myristoylation, or palmitoylation. Indeed, it has been shown that such lipid-modifications facilitated the localization of some proteins to the INV compartment, including NPHP3, ARL13B, and C. elegans ARL-13 (44, 45, 58) . Another possible model is that distinct motors are used to transport proteins into specific ciliary subcompartments. In supporting this, two functionally redundant anterograde IFT motors, heterotrimeric (Kinesin-II) and homodimeric (OSM-3) Kinesin-2, are involved in the establishment of bipartite sensory cilia in C. elegans (59) . Among them, only OSM-3 passes beyond the INV sub-http://bmbreports.org compartment (59) .
CONCLUDING REMARKS
Growing evidence indicates that the compartmentalized cilium can be further divided into subcompartments, in terms of structure and protein localization. It is reasonable to speculate that distinct subcompartments with unique protein compositions and structures have distinct functions. The function and molecular composition of the two most proximal subcompartments of the cilium, the ciliary base region and the TZ, have been extensively explored over the last five or so years. Thanks to those efforts, we now know much about the molecular mechanisms underlying their functions. The ciliary base region functions as the organizing center for ciliogenesis as well as a sorting and assembly station for cilia-destined protein cargos. Several evolutionary conserved cellular components participate in this process, including vesicle trafficking, endocytosis, and membrane fusion components. The IFT/BBSome complex is a specialized trafficking system for delivering proteins into the intraciliary subcompartments. The TZ acts as a ciliary gatekeeper. Two conserved and redundant modules, NPHP and MKS/JBTS modules, have been discovered to perform this function. But the exact mechanisms underlying their functions remain to be clarified. The ciliary region distal to the TZ is highly variable in terms of structure and function. The discovery of many proteins with discrete localization pattern in this region suggested that it can be subdivided into functionally distinct subcompartments. But the functional significance of discrete protein localization is mostly unknown. The molecular mechanisms underlying discrete protein localization within the narrow compartment is also a very challenging but intriguing question that remains to be solved.
